A polyaniline (PANi)-coated sulfur cathode was prepared by in-situ polymerization to improve the performance of Li-S batteries and prevent polysulfide dissolution. Because PANi polymerization requires only the addition of sulfur powder, the polymerization method was simple. Battery performance testing was conducted using various sulfur ratios, with the best performance being exhibited by the 31 wt% sulfur PANi composite (approximately 500 mAh g −1 S after 50 cycles from an initial capacity of 903 mAh g −1 S). Transmission electron microscopy images confirmed that sulfur was coated by an approximately 10-nm-thick layer of PANi. Cycle testing was conducted at a rate of 0.2 C with an electrode loading of 2 mg cm −2 of sulfur. Thus, a highly homogenous distribution of sulfur particles in PANi was achieved, resulting in sulfur-coated composite materials and allowing for the preparation of a conductive polymer by a relatively simple sulfur distribution method.
Introduction
Electric vehicles (EVs) are expected to become the nextgeneration ground transportation vehicles because their batteries generate less CO 2 than gasoline-fueled vehicles. In addition, the energy storage system (ESS) market is rapidly expanding owing to increasing public interest in environmental issues and energy management. To satisfy the resulting expectations, research on Li-S batteries has been focused on achieving performance close to a high theoretical energy capacity of 1675 mAh g ¹1 . 1 Although EV and ESS battery systems do not require as much power as the hybrid electric vehicle (HEV) battery system, they still require high energy densities. In this respect, sulfur cathodes are very promising materials. It is known that sulfur cathode materials possess high theoretical energy, but their cyclability and power characteristics are low because of the shuttle effect, i.e., the transport of soluble polysulfides between both electrodes, including the charge "shuttle" that accompanies this mass transport. 2 Researchers have addressed this issue by coating the sulfur cathode with a carbon material or a conductive polymer to suppress the dissolution of polysulfides. Graphene, [3] [4] [5] [6] carbon nanotubes (CNTs), [7] [8] [9] and carbon [10] [11] [12] have been investigated as sulfurbased cathode materials. Carbon-conductive polymer composite materials [13] [14] [15] [16] [17] [18] [19] and conductive polymer matrices [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] have also been widely tested for their ability to improve battery performance. Huang et al. showed that graphene-coated sulfur composites could be used to improve cycling performance. 3 Moon et al. researched polyaniline-coated graphene oxide-sulfur composites and achieved good performance up to 500 cycles. 18 Liu et al. synthesized nanosulfur/polyaniline/graphene composites via one-pot in-situ synthesis, and they showed an energy capacity of 600 mAh g ¹1 at 100 cycles with a 0.1 C-rate. 19 Graphene is a very good material for improving the electric conductivity of a material, but in terms of price and processibility, PANi itself is a common and good material for improving the performance by preventing polysulfide dissolution. Xiao et al. reported improved cycling performance using sulfurcoated nanotube-type polyaniline. 21 Wei et al. synthesized hollow polyaniline sphere/sulfur composites using an etching method, and the composites showed good performance. 28 Sun et al. synthesized a ternary polyaniline with acetylene black sulfur with a liquid phase, and it showed good performance, with an energy capacity of 600 mAh g ¹1 sulfur at 100 cycles with a 100 mA cm ¹2 current rate. 29 Various other approaches such as the electrolyte [30] [31] [32] and electrolyte salt 33 selected and electrode loading [34] [35] [36] have also been considered for their impact on lithium sulfur battery performance.
In this study, PANi, a conductive polymer, was evaluated as a coating layer matrix in the presence of sulfur during polymer synthesis. We used the sulfur powder itself in the polymerization process and synthesized the polymer matrix on the sulfur powder surface, which simplifies the synthesis method and prevents polysulfide dissolution, thus providing improved lithium sulfur battery performance.
Experimental

Synthesis and analysis of PANi composite materials
PANi-sulfur cathodes were prepared as follows (Fig. 1A) . A 2-L double-jacketed reactor was equipped with a reflux condenser and the temperature was set to 0°C. Appropriate amounts of 2-Acrylamido-2-methylpropane sulfonic acid (AMPSA, 99%, Aldrich), 2-phenoxyaniline (99%, Aldrich), purified aniline (99.5%, Aldrich), and sulfur (Aldrich, 100 mesh, pulverized for 30 min) were added to the reactor and stirred overnight at 0°C. The mass ratio of AMPSA and purified aniline was 1.5:1. Also, the 2-phenoxy aniline is added 1 wt% of aniline. After stirring overnight, a 30 wt% ammonium persulfate (98%, Aldrich) solution in AMPSA was added dropwise over 3 h using an addition funnel. Once all the reagents were added and the reaction proceeded for 2 h, the resultant PANi was filtered through a 2-µm filter paper and washed with methanol until the filtrate showed no color. The obtained solid was then dried at 50°C in a vacuum oven for 24 h. Three types of composite materials were prepared by controlling the amount of added sulfur (19 wt%, 31 wt%, and 54 wt%) with the in-situ method.
In order to compare the adsorption effects on the PANi powder, PANi powder was prepared with the above method, and the PANi powder and sulfur powder were mixed (using a ball mill) and reacted at 150°C for 3 h in vacuum, at which point the sulfur melted and surrounded the PANi particles (Fig. 1B) . Sulfur's melting point is 112°C, and so it melts at 150°C and especially in vacuum status it has its vapor pressure. The sulfur powders adsorbed onto the PANi particle surfaces were compared to the in-situ preparation method. Because the sulfur:PANi ratio affects the adsorption, to compare the performance with the 54 wt% PANi-coated sulfur composite, we adjusted the mixture ratio of the sulfur and PANi raw material to 4:2 (g) and synthesized 55 wt% of the sulfur composite, which was attached to the surface after evaporation.
The surface characterization of the PANi-sulfur composite was carried out using field emission scanning electron microscopy (FESEM; JEOL JSM-6701F). The particle distribution of the composite was investigated using a particle-size analyzer (PSA, Beckman Coulter LS-100Q). The morphology and energy dispersive spectroscopy (EDS) mapping of the samples were obtained with transmission electron microscopy (TEM, JEM, ARM 200F at an accelerating voltage of 200 kV), and X-ray photoelectron spectroscopy (XPS) (AXIS NOVA) was carried out with a monochromatic Al KA (1486.6 eV) X-ray source and sputtering with an Ar + ion gun (2 kV power). The samples were sputtered four times. The crystal structure was analyzed by X-ray diffraction (XRD, Rigaku D/MAX 1400) with CuKA radiation. Thermal gravimetric analysis (TGA, NETZSCH) was performed from 30°C to 650°C in 10°C min ¹1 increments to determine the sulfur content of the composite. We measure the Brunauer-Emmett-Teller (BET) surface area with Quadrasorb station 6 by N 2 gas sorption.
Formation of electrodes and electrochemical analysis
For the sulfur cathode, 70 wt% sulfur (Aldrich, 100 mesh), 20 wt% vapor-grown carbon fiber (VGCF, Showa Denko), 8 wt% polyvinylidene fluoride (PVDF, Kynar 761), and 2 wt% polyethylene glycol (PEO) binder (Aldrich) were used as reference samples with an electrode loading of 2 mg of sulfur. For the PANisulfur composite cathode electrode via in-situ polymerization method and via adsorption method, the sulfur composite cathode electrode was prepared as 70 wt% PANi-sulfur, 20 wt% VGCF (Showa Denko), 8 wt% PVDF (Kynar 761), and 2 wt% PEO binder (Aldrich) with an electrode loading of 2 mg of sulfur.
These experiments were performed using a homogenizer (ACE, 20-mL cup) for all mixing steps with N-methyl-2-pyrrolidone (NMP, Dae-Jung) as the solvent, and a film applicator was used on a carbon-coated foil for coating the electrode. After the coated electrode was dried for 12 h at 50°C, the film was punched with a 1.1 cm 2 hole. 2-mm-thick lithium metal (HOSEN, Japanese) was used as the anode with Celgard 2400 as the separation layer. The electrolyte used was 20 uL of a solution of 1 M lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) dissolved in 5,5-dimethoxyethane and 1,3-dioxolane (1:1 in volume). Coin half-cells were prepared in a glove box with the moisture content limited to within 0.3 ppm. Galvanostatic charge-discharge cycling of the coin cells were tested with a Wonatech 3000 battery performance tester within 1.5-2.65 V and a 0.2 C-rate. The 0.2 C-rate corresponds to an equivalent current density of 335 mA g ¹1 based on the theoretical capacity of sulfur of 1675 mAh g
¹1
. Cyclic voltammetry (CV) measurements of the coin cells were carried out with a Wonatech 3000 battery performance tester within 1.5-3 V and a scan speed of 0.1 mV s
. The impedance was analyzed by electrochemical impedance spectroscopy (Wonatech, Zive-1000) in the frequency range of 1 MHz to 100 mHz with an AC signal amplitude of 10 mV.
Results and Discussion
The sample surfaces were characterized by SEM to determine the size and morphology of the PANi raw material [ Fig. 2A(a) ] and the PANi-sulfur composites [ Figs. 2A(b-e) ]. The primary particles of the PANi raw material were relatively small, approximately 100-200 nm in size [ Fig. 2A(a) ], thus providing a large surface area to react. The size distribution of the secondary particles was 30-40 µm (Fig. 2B) , which consisted of clusters of primary particles with a surface area of 90 m 2 g ¹1 . Larger primary particles were observed [ Figs. 2A(b, c, d) ] when aniline was polymerized with the sulfur powder by the in-situ method. The secondary particle-size distribution of 30-40 µm is shown in Fig. 2B for 31 wt% S, and 16.5 m 2 g ¹1 for 54 wt% S, each with three different PANi-sulfur composites. It is assumed that the primary particles reached 200-400 nm in size by reacting with sulfur. The morphology of the sulfur-coated PANi composite fabricated using the adsorption method is shown in Fig. 2A(e) . This composite was prepared by ball milling a mixture of the sulfur and PANi powders. The melted sulfur moved onto the PANi powder surfaces and coated the particles. The PANi powder surfaces were coated with sulfur, and so the pores seen for the PANi raw materials [ Fig. 2A(a) ] were not detected in sulfur-coated PANi composite fabricated through adsorption [ Fig. 2A(e) ].
We believe that the in-situ reaction of PANi with sulfur caused the size of the primary particles to increase. We expected that the PANi-coated sulfur composite would prevent polysulfides from dissolving in the electrolyte because of the presence of the physically conductive polymer layer and the strong adhesion to 
the hydrophilic sulfonic group of PANi. As a dopant of PANi, AMPSA has a hydrophilic sulfonic group, which is expected to create ionic bonds (-O-S-) with polysulfides. Hence, we prepared a composite via the adsorption reaction of sulfur and PANi, which was expected to result in only ionic bonding to prevent polysulfide dissolution on the PANi powder surface. The performance of this composite was then compared to that of the coated sample. This simple adsorption reaction of sulfur and PANi showed that sulfur particles were adsorbed onto the PANi surface [ Fig. 2A(e) ], which generated a thin coating.
TGA analysis was conducted to confirm the ratio of sulfur in the composites. As shown in Fig. 3 , the sulfur content was analyzed by TGA for both pure sulfur and the sulfur-PANi composites, and the results confirmed that the composites contained 19, 31, and 54 wt% of sulfur. The simple adsorption process resulted in 55 wt% sulfur. Pure sulfur vaporizes completely below 350°C. At approximately 100°C, there was weight loss due to the evaporation of water because hydrophilic AMPSA, which contained water, was included in the PANi composites. It was assumed that the sublimating temperature decreased as the PANi content increased. In the case of adsorption, the sulfur was distributed on the surfaces of the nano-sized PANi powder particles, which decreased the sublimating temperature.
The distribution of sulfur and the coating thickness of the in situgenerated PANi-coated composite were confirmed through TEM and XPS analysis. As shown in Fig. 4 , TEM analyses were conducted to investigate the distribution of sulfur and PANi within the composite particles. Analysis of the sulfur (green dots in Fig. 4) showed the presence of some sulfur from the external boundary of the particle to its interior. The homogeneous distribution of sulfur during the PANi production process showed that PANi coated the sulfur surface. The changes in sulfur content from the surface to the interior were further analyzed using XPS with internal sputtering (Fig. 5) with the 31 wt% composite material. Figure 5 shows the XPS spectra of the S 2p region. Polymerization occurred on the surface of the sulfur powder, and so we measured the XPS in the depth direction after the fourth sputtering. The peak at approximately 163-164 eV represents the binding energy of sulfur corresponding to S 2p 3/2 , whereas the sulfite peak was observed at 166-170 eV. 37 The sulfite peak is from the dopant AMPSA of PANi. If the sulfur content from the surface to the interior is equal, the S 2p peak in the XPS spectra with sputtering would be the same. However, the sulfur peak increased toward the inside of the Electrochemistry, 84(11), 836-841 (2016) particles, whereas the sulfite peak strength decreased, and so it is confirmed that the sulfur powder was coated by a few-nm-thick layer of PANi. Figure 6 shows the collected XRD data. Raw sulfur, the PANisulfur composites, and raw PANi were analyzed in order to compare the peak differences. A high-intensity peak was observed at 2H = 23°for sulfur, whereas the composite material showed reduced intensity. PANi showed broad patterns typical of polymers. For the 19 wt% sulfur composite, the sulfur intensity was significantly reduced and showed a broad PANi peak at 20-30°.
The discharging process begins with sulfur because of a change in the polysulfide structure (Li 2 S n , 4¯n¯8) , which generates the final lithium sulfide form (Li 2 S 2 , Li 2 S). The solubility of polysulfides is high in electrolytes, as mentioned above, inducing the deterioration of the sulfur cathode and lowering the cycle performance. The final form of lithium sulfide is insoluble in the electrolyte if it remains in the cathode as a solid adsorbed on the sulfur surface, serving as an insulating layer. If the dissolved polysulfide crosses the separation layer, it also forms lithium sulfide and is adsorbed on the anode surface, reducing the cycle performance. To circumvent these problems and improve the cycle performance, a thin PANi coating (a few nanometers) was employed to block polysulfide movement. Figure 7A (a) shows the cycle performance of the sulfur-PANi composites. The composite with 31 wt% sulfur showed the best performance, with an initial capacity of 903 mAh g ¹1 S and approximately 500 mAh g ¹1 S after 50 cycles. The 54 wt% and 19 wt% sulfur composites showed approximately 300 mAh g ¹1 S and 190 mAh g ¹1 S after 50 cycles, respectively. AC impedance measurements carried out before the cycling experiments showed that the 31 wt% sulfur composite exhibited the lowest resistance [ Fig. 7A(b) ], which is in accordance with the cycle performance [ Fig. 7A(a) ]. Moreover, the voltage-capacity profile showed a stable discharge at 2.0 V for the 31 wt% sample [ Fig. 7A(c) ]. In Fig. 7A(a) , the parameter of the PANi-coated sulfur composite is the quantity of the included sulfur to control the characteristics of the composite and prevent polysulfide dissolution. The following are potential reasons for the poor performance of the 54 wt% sample as compared to the 31 wt% sample: (1) The large quantity of sulfur (54 wt%) cannot be sufficiently covered with the conductive polymer. (2) The hydrophilic group of PANi is expected to match the wetting characteristics of the electrolyte and sulfur electrode. If there is an insufficient quantity of polymer, the wetting characteristic of electrode would be poor, which would result in an increase in the impedance of the cell. The thicknesses of the electrodes were 310 µm for 19 wt% S, 293 µm for 31 wt% S, and 261 µm for 54 wt% S, which are somewhat thick, and this may have affected the wettability.
In contrast, the composite containing 19 wt% sulfur resulted in the thickest electrode with an irregular surface structure that formed cracks during electrode synthesis, which resulted in the inferior electrical conductivity of the electrode, although the resistance of the PANi-sulfur composite powder was as low as 0.099³ cm for the 19 wt% S composite as compared to 0.178³ cm for 31 wt% S and 0.219³ cm for 54 wt% S. It is assumed that this is the key reason for the reduced cycle performance. The cycle performance [ Fig. 7A(d) ] was studied using samples prepared by the adsorption of sulfur. The effect of the simple adsorption of sulfur onto the PANi surface as compared to the in-situ polymerization coating process was investigated. The sulfur-PANi composite, by which sulfur was adsorbed via vapor reactions onto the PANi surfaces, showed better cycle performance than the raw sulfur material [ Fig. 7A(d) ]. However, the sulfur-adsorbed samples showed inferior cycle performance as compared to the in situgenerated PANi-coated sulfur samples. For the samples with sulfur adsorbed onto the surface of PANi, it was expected also that the dissolution of polysulfides in the electrolyte solution would be prevented by chemical adsorption via ionic bonding between the hydrophilic group of PANi and the ionized polysulfide mentioned above and by relatively weak physical adsorption via van der Waals forces resulting from the large surface areas. These samples showed better performance as compared to the raw sulfur electrode. However, the PANi-coated sulfur composite still provided the best performance.
The SEM images in Figs. 7B(a, b) show the 31 wt% sulfur electrode before and after cycling. Byproducts (e.g., lithium sulfide) from the charge and discharge reactions were adsorbed onto the composite surface. However, the specific morphology of primary and secondary particles is changed but primary and secondary particles are "still classified" not united. If the sulfur is not coated by PANi, we're assumed the primary and secondary particle boundary would disappear due to the united sulfur powders. It is assumed that the electrochemical reaction occurred on the primary particle surface through the polymer matrix. Figure 8(a) shows the current changes that occurred during the charge-discharge process for the 31 wt% sulfur sample. The two obvious cathodic peaks at approximately 2 V indicate that sulfur (S 8 ) was transformed into a long-chain polysulfide (Li 2 S n , 4¯n¯8), whereas the polysulfides were transformed to the final solid form of lithium sulfide (Li 2 S, Li 2 S 2 ). CV [ Fig. 8(b) ] measurements were conducted in the range of 1.5-3 V to determine the reactivity of PANi in the Li-S battery system. There was almost no cathodic reaction with the raw PANi material.
Conclusion
In this study, to prevent polysulfide dissolution efficiently, we synthesized PANi-coated sulfur composites and fabricated sulfur cathode electrodes with 2 mg cm ¹2 S loading. We have shown that a highly homogenous distribution of sulfur particles during PANi polymerization can generate PANi-coated sulfur materials. A Electrochemistry, 84(11), 836-841 (2016) 31 wt% sulfur composite showed superior performance as compared to that shown by materials containing 19 wt% and 54 wt% sulfur. Thus, 31 wt% is considered the optimal sulfur content. It is assumed that polysulfide dissolution could not be prevented in the electrodes with 54 wt% sulfur owing to their higher sulfur content, whereas the 19 wt% sample showed unsatisfactory electrical conductivity. Polyaniline-coated sulfur also showed a significant improvement in performance as compared to the sample fabricated with a simple physical adsorption process.
